INTRODUCTION {#SEC1}
============

The survival and propagation of bacteria depend on their abilities to promptly respond and adapt to the changing environment. Upon encountering host environments, pathogenic bacteria face tremendous challenges, including temperature shift, nutrient availability, host defence mechanisms, competition from commensal microorganisms, *etc*. ([@B1],[@B2]). Bacteria utilize various mechanisms of signal sensing and transduction to alter gene expression, achieving physiological adaptation. Regulatory proteins play critical roles in these gene regulations. By binding to specific DNA sequences, regulatory proteins directly influence the transcription of mRNAs and small regulatory RNAs ([@B3],[@B4]).

*Pseudomonas aeruginosa* is a versatile opportunistic pathogen that causes various acute and chronic infections in human ([@B5],[@B6]). In cystic fibrosis (CF) patients, *P. aeruginosa* colonizes in the respiratory tract, leading to deterioration of lung functions ([@B7],[@B8]). The bacterium harbours an arsenal of virulence factors, enabling its colonization, dissemination and persistence. For instance, *P. aeruginosa* utilizes type III secretion system (T3SS) to directly inject effector proteins into host cells, leading to cell malfunction or death ([@B9],[@B10]). In a murine acute pneumonia model, it has been demonstrated that the effector proteins are preferentially injected into neutrophils and timely expression of the T3SS is critical for the bacterial pathogenesis ([@B10]).

Meanwhile, the ability to acquire and efficiently utilize nutrients from host is crucial for bacterial infections. Human lungs are coated with surfactant that is mainly composed of proteins and lipids, with ∼80% of the surfactant lipid being phosphatidylcholine (PC) ([@B13]). Previous studies demonstrated that PC is one of the major nutrient sources for *P. aeruginosa* during lung infection, supporting the high-cell-density growth of the bacteria ([@B14]). PC is cleaved by lipases and phospholipase C (PlcH) secreted by the *P. aeruginosa*, resulting in phosphorylcholine, glycerol and long chain fatty acids (mainly palmitic and oleic acids), which are further metabolized by the choline (bet), glycerol (glp) and β--oxidation pathways, respectively ([@B15]).

In *Escherichia coli*, the enzymes involved in fatty acids degradation have been well characterized, including a fatty acyl-CoA synthetase (FadD), an acyl-CoA dehydrogenase (FadE), a 3-ketoacyl-CoA thiolase (FadA), and an enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase (FadB) ([@B16],[@B17]). In enteric bacteria, a GntR family transcriptional regulator, FadR, coordinately regulates genes involved in the degradation and biosynthesis of fatty acids in response to long-chain acyl-CoAs ([@B18]). In addition, FadR is involved in the regulation of virulence factors in pathogenic bacteria, such as *Vibrio cholera*, *Salmonella* and enterohemorrhage *E. coli* (EHEC) ([@B21]). *P. aeruginosa* harbours six *fadD* and five *fadBA* homologs, namely *fadD1, 2, 3, 4, 5, 6* and *fadBA1,2, 3, 4, 5*, respectively. Among those genes, *fadD1, 2, 4* and *fadBA1, 4, 5* play major roles in the bacterial fatty acids degradation and fitness in a murine lung infection model ([@B14],[@B25]). In *P. aeruginosa*, the regulator PsrA directly represses the expression of *fadBA5* operon and long-chain fatty acids derepress the expression ([@B28],[@B29]). However, the regulatory mechanisms for other fatty acid degradation genes remain elusive.

Here in this study, we investigated the transcriptome profile of *P. aeruginosa* in a murine acute pneumonia model. A regulatory gene *pvrA* (PA2957, [P]{.ul}seudomonas [v]{.ul}irulence [r]{.ul}egulator A) was found to contribute to the bacterial virulence. Results from further analysis demonstrated that PvrA coordinately regulates the genes involved in PC and long-chain fatty acid catabolism.

MATERIALS AND METHODS {#SEC2}
=====================

Ethic statements {#SEC2-1}
----------------

All animal studies were performed in compliance with the National and Nankai University guidelines regarding the use of animals in research. The animal experiment protocol was approved by the animal care and use committee of the College of Life Sciences of Nankai University with the permission number NK-04-2012.

Bacterial strains, plasmids and culture media {#SEC2-2}
---------------------------------------------

The bacterial strains and plasmids used in this study are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Bacterial cells were grown in Luria--Bertani (LB) broth that is composed of 10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl, pH 7.4. For solid LB medium, 15 g/l agar was added. Medium with sole carbon source was prepared in the 1× M9 medium (49.4 mM Na~2~HPO~4~, 24.0 mM KH~2~PO~4~, 9 mM NaCl, 19 mM NH~4~Cl, 0.5 mM MgSO~4~) with 0.2% (w/v) Brij-58, supplemented with 0.1% (w/v) glucose or 0.4% (w/v) PC, choline, glycerol or palmitic acid, resulting in Glu-M9, PC-M9, Ch-M9, Gl-M9 or FA-M9 ([@B15],[@B25],[@B26]).

Animal experiment {#SEC2-3}
-----------------

Mouse acute pneumonia was performed as previously described ([@B30]). *Pseudomonas aeruginosa* strains were grown in LB at 37°C overnight and subcultured into fresh LB medium to an OD~600~ of 1.0. The bacterial cells were then washed with the phosphate-buffered saline (PBS) and adjusted to 1 × 10^9^ CFU/ml for PAO1 or 2 × 10^8^ CFU/ml for PA14. Each 6--8 weeks old female BALB/c mouse was anesthetized with an intraperitoneal injection of 100 μl 7.5% chloral hydrate. Then 20 μl bacterial suspension was intranasally inoculated into each mouse. 12 hours post infection (hpi), the mice were sacrificed by CO~2~. Lungs were isolated and homogenized in 1% proteose peptone (Solarbio, Beijing, China). The bacterial loads were determined by plating assay.

Transcriptome sequencing and data analysis {#SEC2-4}
------------------------------------------

Wild type PAO1 was cultured in LB broth at 37°C and harvested at log phase (OD~600~ of 0.8--1.0), then subjected to RNA purification. Bronchi alveolar lavage fluid (BALF) was collected as previously described ([@B31]). Briefly, 6 hpi, the mice were sacrificed by inhalation of CO~2~. 2 ml PBS containing 0.05 mM EDTA was injected into lungs through trachea by a vein detained needle (BD, Angiocath). Bacteria in the BALF were harvested by centrifugation. Total RNA was isolated using the Trizol Reagent (Thermo Fisher Scientific, USA) and a Direct-zol RNA Miniprep kit (ZYMO, USA). Eukaryotic RNA was then removed using an MICROB Enrich kit (Ambion, USA). The quantity and integrity were determined using a NanoDrop spectrophotometer (Thermo Scientific) and a Bioanalyzer 2100 system (Agilent). For mRNA sequencing, a Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA) was used to selectively remove rRNA. Random oligonucleotides and SuperScript III were used to synthesize the first strand cDNA. The second strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase treatment. After adenylation of the 3′ ends of the DNA fragments, Illumina PE adapter oligonucleotides were ligated to prepare for hybridization. To select cDNA fragments ∼300 bp in length, the library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, CA, USA). DNA fragments with adaptor molecules ligated on both ends were then selectively enriched using Illumina PCR Primer Cocktail in a 15 cycle PCR reaction. The products were purified with the AMPure XP system and quantified using the Agilent high sensitivity DNA assay on a Bioanalyzer 2100 system (Agilent). The DNA library was then sequenced on a NextSeq 500 platform (Illumina) by Shanghai Personal Biotechnology Cp. Ltd.

The sequence reads were mapped onto PAO1 reference genome (NC_002516.2) using a CLC genomics Workbench 8.0 (CLC Bio-Qiagen, Aarhus, Denmark). The count data of expression values were then analyzed using a DESeq package of R/Bioconductor. Differentially expressed genes were identified by performing a negative binomial test using the DESeq software, with the cut-off fold-change larger than 2. The raw sequence reads were normalized by dividing with size factors, then transformed to log~2~(*N* + 1).

Reverse transcription and quantitative RT PCR {#SEC2-5}
---------------------------------------------

The cDNA was synthesized from 1 μg total RNA using random primers and PrimeScript Reverse Transcriptase (TaKaRa, Dalian, China). Specific Primers ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) were used for quantitative RT PCR. 1 ng of cDNA was mixed with 4 pmol of forward and reverse primers and SYBR Premix Ex Taq™ II (TaKaRa) in a total reaction volume of 20 μl. No-template and no-reverse transcription controls were carried out for each experiment. An initial denaturation step at 98°C for 5 min was followed by 40× repeated cycles of denaturation for 5 s at 98°C, primer annealing for 15 s at 55°C and elongation for 15 s at 72°C. The signals were read every cycle. Melting curves were generated by a final denaturation step for 10 s at 98°C and recorded within the range of 65--99°C. A slope of 3.3 was adjusted. The results were analysed using a CFX Connect Real-Time system (Bio-Rad, USA). RNA from three biological replicates were analysed and three technical replicates were performed. Additional details are included in the 'MIQE checklist' ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) in compliance with the MIQE guidelines (Minimum Information for Publication of Quantitative real-time PCR Experiments) ([@B32]).

Chromatin immunoprecipitation {#SEC2-6}
-----------------------------

ChIP was performed as previously described with minor modifications ([@B33],[@B34]). *Pseudomonas aeruginosa* cells were cross-linked with 1% formaldehyde in LB medium for 10 min at 37°C with continuous shaking. Crosslinking was stopped by the addition of 125 mM glycine. Bacterial pellets were washed twice with complete proteinase inhibitor cocktail (Roche) in a Tris buffer (20 mM Tris--HCl pH 7.5, 150 mM NaCl), and then resuspended in 400 μl nuclei lysis buffer (50 mM Tris--HCl (PH8.0), 10 mM EDTA, 1% Triton X-100, 1% SDS, mini-protease inhibitor cocktail (Roche)) for 30 min. The chromatin was sonicated (Diagenode Bioruptor pico) to sizes of 200--500 bp (20-se on, 30-s off, for 15 cycles). The insoluble debris was spun at 14 000 × g for 10 min at 4°C. 2% of the supernatant was saved as input and 100 μl of the supernatant was incubated with 10 μg anti-Flag antibody (MAB 3118) for 16 hours at 4°C. Then 30 μl of protein G magnetic beads (Life Technologies) was added to each IP reaction and incubated for 2 hours at 4°C with rotation. The immunoprecipitates were then processed with a series of washes: low salt wash buffer (150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris--HCl (pH 8.1)), high salt wash buffer (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris--HCl (pH 8.1)), LiCl wash buffer (0.25 M LiCl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris--HCl (pH 8.1)) and TE buffer (10 mM Tris--HCl pH 8, 1 mM EDTA). The immune complexes were eluted by 400 μl elution buffer (1% SDS, 0.1 M NaHCO~3~) and incubated at 65°C for 20 min. To reverse the cross-linking, 20 μl of 5 M NaCl was added to the 400 μl elutes and incubated overnight at 65°C. The samples were further incubated for 1 h at 45°C with 20 mg/ml Proteinase K in 30 mM Tris--HCl pH 6.5 and 10 mM EDTA to digest the proteins. The DNA was purified by phenol/chloroform/isoamyl extraction.

ChIP-Seq {#SEC2-7}
--------

ChIP-Seq libraries were prepared and sequenced following ENCODE guidelines ([@B35]) by Wuhan IGENEBOOK Biotechnology Co., Ltd. The DNA fragments (250--350 bp) were selected using SPRI beads and amplified by PCR for 15 cycles following repair and adaptor ligation steps. Libraries were validated on the Bioanalyzer 2100 (Agilent) and Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). The ChIP-seq libraries were sequenced using the HiSeq 2000 system (Illumina) for 50 nt single-end sequencing. The primary analysis of the ChIP-seq reads was carried out as previously described ([@B35]). Trimmomatic (version 0.38) was used to filter out low-quality reads. Clean reads were mapped to the *P. aeruginosa* PA14 genome by Bwa (version 0.7.15), allowing up to two mismatches. Samtools (version 1.3.1) was used to remove potential PCR duplicates, and MACS2 software (version 2.1.1.20160309) was used to call peaks by default parameters (bandwidth, 300 bp; model fold, 5, 50; *q* value, 0.05). Wig files produced by the MACS software were used for data visualization by IGV (version 2.3.91). GO enrichment analysis was performed using the EasyGO gene ontology enrichment analysis tool. The GO term enrichment was calculated using hypergeometric distribution with a *P* value cut off of 0.01. *P* values obtained by the Fisher\'s exact test were adjusted with FDR for multiple comparisons to detect overrepresented GO terms. To reveal potential roles of genes, cluster Profiler in R package was employed to perform KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis.

Electrophoretic mobility shift assay {#SEC2-8}
------------------------------------

The electrophoretic mobility shift assay (EMSA) was performed as previously described with minor modifications ([@B30]). Briefly, DNA fragments (400 ng) were incubated with 0, 1.5 or 3 μM purified recombinant PvrA protein at 37°C for 10 min in a 20 μl reaction (10 mM Tris--HCl, pH 7.6, 4% glycerol, 1 mM EDTA, 5 mM CaCl~2~, 100 mM NaCl, 10 mM-β-mercaptoethanol). Samples were loaded onto an 8% native polyacrylamide gel in 0.5× Tris--borate--EDTA (TBE) buffer (0.044 M Tris base, 0.044 M boric acid, 0.001 M EDTA, pH 8.0) that had been pre-run for 1 h, and then run on ice at 100 V for 1.2 h followed by staining in 0.5× TBE containing 0.5 μg/ml ethidium bromide. Bands were visualized with a molecular imager ChemiDoc™ XRS + (Bio-Rad).

Acetyl coenzyme A measurement {#SEC2-9}
-----------------------------

Bacterial intracellular acetyl-coenzyme A (Ac-CoA) content was determined using the PicoProbe Ac-CoA assay kit (Abcam) according to manufacturer\'s instructions. Briefly, PA14 and the *pvrA* mutant were grown for 10 h in the Glu-M9 or FA-M9 medium. 30 ml of the bacterial cultures were collected by centrifugation at 12 000 × g for 5 min. After deproteinization with perchloric acid, the coenzyme A (CoA) Quencher and Quencher remover were added into each sample to correct the background generated by free CoA and succinyl-coenzyme A (succ-CoA). The sample was then diluted with the reaction mix, and the fluorescence was measured using a Versamax Tunable microplate reader (Molecular Devices) at the following settings: λ~ex~ 535 nm; λ~em~ 587 nm. The acetyl-CoA standard curve was made in the range of 0--100 pM and the correlation coefficient was 0.990 or higher.

Molecular docking {#SEC2-10}
-----------------

The docking algorithm glide was used to perform all the molecular docking studies. The two co-crystal structures (PDB ID: 3LSJ, 3E7Q) were prepared and then used to build the energy grid. The grids were generated at the centroid of the co-crystallized ligands. Default settings were employed for both the grid generations and docking. Post-minimization was used to optimize the geometry of the poses.

Isothermal titration calorimetry {#SEC2-11}
--------------------------------

Isothermal titration calorimetry (ITC) was conducted using a MicroCal iTC200 (Malvern) with a cell volume of 400 μl. Both PvrA protein at 30 μM and the ligands of palmitoyl-coenzyme A or palmitic acids at 0.3 mM were dialyzed against the same buffer (20 mM Tris--HCl, 100 mM NaCl, pH 7.5) to minimize artefacts due to minor differences of the buffer composition. The raw data was analysed with the software ORIGIN.

Surface plasmon resonance (SPR) assays {#SEC2-12}
--------------------------------------

The SPR experiments were carried out using a Biacore T200 instrument (GE Healthcare). In the SPR trials, a biotinylated DNA probe of the *fadD1* promoter region was immobilized by streptavidin on the chip surface in an immobilization buffer (10 mM sodium acetate buffer pH 4.0 to 5.0). A serial dilution of the purified PvrA protein was passed over the chip surface for 2 min. The running buffer (HBS-EP buffer, 10 mM HEPES, pH 7.4 containing 150 mM NaCl, 3 mM EDTA and 0.005% (v/v) Surfactant P20) was run at a flow rate of 30 μl/min. The SPR data was analysed with the BIAevaluation v.4.1.1 software (BIAcore).

RESULTS {#SEC3}
=======

Transcriptome analysis of *P. aeruginosa* during infection {#SEC3-1}
----------------------------------------------------------

To explore the global gene expression profile of *P. aeruginosa* during infection, we infected mice with a wild type strain PAO1 in an acute pneumonia model and collected bacterial cells from BALF for RNA isolation. In our experiments, mice infected with wild type PAO1 usually began to die at 12 h post infection. Previous studies demonstrated substantial recruitment of neutrophils as early as 6 h after intranasal infection by the *P. aeruginosa* ([@B30],[@B36],[@B37]), thus resulting in an intense interaction between the bacteria and host cells. Therefore, BALF was harvested 6 h post infection from 25 mice and pooled together for bacterial cell isolation and subsequent RNA purification. The global gene expression profile was determined by RNA-seq and compared to that of bacteria grown in LB ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Consistent with previous reports, the expression of type III secretion system (T3SS) and iron acquisition associated genes was induced within the host lung environment ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In addition, 19 regulatory genes were upregulated at least 2-fold *in vivo* (Table [1](#tbl1){ref-type="table"}). To confirm the expression levels of these genes, we repeated the infection with PAO1 and performed real time PCR with isolated bacterial RNA. Consistent with the RNA-seq results, all of the tested regulatory genes were indeed upregulated (Table [1](#tbl1){ref-type="table"}). Four of those genes, including *exsA*, *pchR*, *typA* and *fis* have previously been demonstrated to play important roles in the bacterial virulence ([@B38]). To examine whether the expression patterns of these regulatory genes are conserved in different strain backgrounds, we infected mice with another widely used strain PA14 which belongs to a different serogroup ([@B37]). All of the 19 regulatory genes were up regulated as well in the PA14 during infection (Table [1](#tbl1){ref-type="table"}), ruling out a strain specific phenomenon.

###### 

Upregulated regulatory genes of *P. aeruginosa* during infection

                    mRNA level fold change (*in vivo* versus LB)                   
  -------- -------- ---------------------------------------------- ------- ------- --------------------------------------------------------
  PA0191            2.82                                           1.82    2.58    transcriptional regulator
  PA0253            2.93                                           2.07    3.88    transcriptional regulator
  PA0448            2.36                                           2.30    4.19    transcriptional regulator
  PA0707   *toxR*   27.97                                          7.49    12.97   transcriptional regulator ToxR
  PA1179   *phoP*   9.36                                           3.9     24.5    two-component response regulator PhoP
  PA1713   *exsA*   11.46                                          9.10    20.35   transcriptional regulator ExsA
  PA2657            2.81                                           5.74    2.11    two-component response regulator
  PA2798            3.31                                           3.21    2.10    two-component response regulator
  PA2957            3.33                                           2.55    4.41    transcriptional regulator
  PA3006   *psrA*   2.63                                           2.58    5.26    transcriptional regulator PsrA
  PA3604   *erdR*   2.79                                           5.21    2.02    response regulator ErdR
  PA3616   *recX*   2.92                                           3.11    4.71    recombination regulator RecX
  PA3932            5.44                                           1.57    1.80    transcriptional regulator
  PA4381            2.39                                           3.83    1.73    two-component response regulator
  PA4227   *pchR*   6.09                                           7.33    10.32   transcriptional regulator PchR
  PA4776   *pmrA*   3.44                                           14.05   8.68    two-component regulator system response regulator PmrA
  PA4853   *fis*    5.16                                           4.37    3.44    Fis family transcriptional regulator
  PA5117   *typA*   6.93                                           3.08    4.79    regulatory protein TypA
  PA5550   *glmR*   2.82                                           3.14    4.88    GlmR transcriptional regulator

Roles of the regulatory genes in bacterial virulence {#SEC3-2}
----------------------------------------------------

Upregulation of the regulatory genes indicated that these genes might be involved in bacterial response to the host environment. To test whether these genes contribute to bacterial virulence, we obtained mutants of each individual gene from the PA14 transposon (Tn) mutant library ([@B44]). While for those not available in the Tn mutant library, deletion mutants were generated in the PA14 background, including ΔPA0253, ΔPA0707, ΔPA2957 and ΔPA3616. Mice were infected with each of the mutant strain intranasally. Mutation of PA2957 resulted in significantly lower bacterial colonization compared to the wide type PA14 (Figure [1A](#F1){ref-type="fig"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). To verify the role of PA2957 in virulence, we examined the survival rates in the murine pneumonia model. Infection with wild type PA14 caused death in all the infected mice within 48 hours. However, mutation of the PA2957 delayed the death and resulted in 40% survival (Figure [1B](#F1){ref-type="fig"}). Complementation with a PA2957 gene driven by its native promoter restored the bacterial colonization capacity and virulence (Figure [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}). In addition, mutation of the PA2957 did not affect bacterial growth rate in LB ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), suggesting that the attenuated virulence might be due to reduced virulence gene expression or defective adaptation to the host *in vivo* environment. Accordingly, we designated PA2957 as *pvrA* (*Pseudomonas* virulence regulator A). The PvrA is a TetR-family transcriptional regulator with unknown regulatory targets. Sequence analysis revealed that PvrA is conserved among *Pseudomonads* ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

![Mutation of *pvrA* reduces the virulence of PA14. (**A**). Bacterial colonization in the murine acute pneumonia model. Each mouse was infected intranasally with 4 × 10^6^ CFU of wild type PA14, Δ*pvrA* or the complemented strain (Δ*pvrA*/*pvrA*). 12 hours post infection, mice were sacrificed and bacterial loads in the lungs were determined. Bars represent medians, and error bars represent standard deviations. \**P* \< 0.05; \*\*\**P* \< 0.001 by Student\'s t-test. (**B**). Survival rates of infected mice. Mice were infected intranasally with 6 × 10^6^ CFU of wild type PA14, the Δ*pvrA* mutant or the complemented strain (Δ*pvrA*/*pvrA*). The mice were monitored for 5 days. *P* values were calculated by the log-rank test.](gkaa377fig1){#F1}

PvrA directly regulates genes related to bacterial virulence and metabolism {#SEC3-3}
---------------------------------------------------------------------------

To identify genes directly regulated by the PvrA, we overexpressed a C-terminal FLAG tagged *pvrA* in wild type PA14 and performed a CHIP-seq assay. The DNA binding sequences, loci and enrichment fold were shown in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}. Of note, the potential regulatory targets of PvrA include genes involved in the utilization of phosphatidylcholine (PC) from the host, such as *plcH*, *fadD1*, *fadD6* and PA0508 (Table [2](#tbl2){ref-type="table"}) ([@B15],[@B25],[@B26]). The *plcH* encodes phospholipase C that cleaves PC into phosphorylcholine, glycerol and fatty acids ([@B14]). Both *fadD1* and *fadD6* encode the fatty acyl-CoA synthetase and PA0508 is highly homologous to the *fadE* of *E. coli* ([@B45],[@B46]). In addition, PvrA was also found to bind to the promoter regions of *glcB*, *maeB* and *aprA* (Table [2](#tbl2){ref-type="table"}). The *glcB* encodes a malate synthase which is a key enzyme in the glyoxylate shunt, while *maeB* encodes a malic enzyme that influences the malate level in the glyoxylate cycle and controls the initiation of the gluconeogenesis from the glyoxylate shunt ([@B47],[@B48]). The glyoxylate shunt serves as an alternative to the tricarboxylic acid cycle, and is essential for acetate and fatty acid metabolism in bacteria ([@B46],[@B49]). The *aprA* encodes an extracellular alkaline metalloproteinase that contributes to bacterial virulence ([@B50],[@B51]).

###### 

Potential PvrA regulated genes identified via ChIP-seq analysis

  Gene ID of PA14   Gene ID of PAO1   Summit in PA14   Fold enrichment   Gene name   Description
  ----------------- ----------------- ---------------- ----------------- ----------- ---------------------------------------
  PA14_06300        PA0482            557225           29.27             *glcB*      Malate synthase G
  PA14_13110        PA3924            1124193          28.27             *fadD6*     Probable medium-chain acyl-CoA ligase
  PA14_06640        PA0508            578862           18.95             *fadE*      Probable acyl-CoA dehydrogenase
  PA14_21370        PA3299            5478678          10.14             *fadD1*     Long-chain-fatty-acid--CoA ligase
  PA14_53360        PA0844            4729534          7.90              *plcH*      Hemolytic phospholipase C
  PA14_66680        PA5046            5956289          6.01              *meaB*      Malic enzyme
  PA14_48060        PA1249            4279068          5.25              *aprA*      Alkaline metalloproteinase

EMSA was utilized out to confirm the binding of the identified promoter regions by PvrA. Band shifts were observed with the promoter regions of *plcH*, *fadD1*, *fadD6*, PA0508, *glcB*, *maeB* and *aprA* (Figure [2](#F2){ref-type="fig"}). A MEME analysis on the ChIP-seq data revealed the potential PvrA binding site as 5′-CGGTCA-3′ that was present in the probes used in the EMSAs (Figure [3A](#F3){ref-type="fig"}). Deletion of the potential binding sequence from the promoter region of *fadD1* abolished the retardation by PvrA (Figure [3B](#F3){ref-type="fig"}), indicating a specific binding by the PvrA.

![Binding of PvrA to the promoter regions of genes involved in PC utilization and fatty acid metabolism. Interaction between PvrA and its target DNA was examined by EMSA. Increasing amount of the purified PvrA protein was incubated with the promoter regions of *plcH*, *fadD1*, *fadD6*, PA0508, *aprA*, *glcB, maeB* and *pvrA*. The mixtures were electrophoresed on an agarose gel and the bands were visualized under UV light following ethidium bromide stain. Data represent results from three independent experiments.](gkaa377fig2){#F2}

![Identification of the potential PvrA binding motif. (**A**). Potential PvrA binding motif was identified by MEME from the ChIP-seq peak regions. Representative sequences bound by PvrA in the EMSAs are listed below. The conserved sequence is shown in red. (**B**). In the EMSA, indicated amount of the purified PvrA protein was incubated with the *fadD1* promoter region or the same fragment with the predicted binding motif deleted (*fadD1*\*). The bands were visualized by staining with EB.](gkaa377fig3){#F3}

To examine the role of PvrA in gene regulation during infection, we infected mice with wild type PA14 and a Δ*pvrA* mutant. In wild type PA14, the expression of *pvrA, plcH*, *fadD1*, *fadD6*, *PA0508*, *aprA*, *glcB* and *maeB* was upregulated *in vivo*, however, their expression levels were significantly reduced in the Δ*pvrA* mutant (Figure [4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"}). Therefore, the above results suggested that PvrA directly controls the expression of *plcH*, *fadD1*, *fadD6*, *PA0508*, *glcB*, *maeB* and *aprA*.

![Role of PvrA in gene regulation during infection. Wild type PA14 and the Δ*pvrA* mutant were grown in LB to an OD~600~ of 1.0. A portion of the bacteria were subjected to RNA isolation. The remaining bacteria were washed and resuspended in PBS. Mice were infected with the bacteria intranasally. The bacteria were isolated from BALF 6 hpi. The mRNA levels of indicated genes were determined by real time PCR with *rpsL* (encoding the 16S rRNA) as the internal control. (**A**). Relative mRNA levels of *pvrA* of PA14 in BALF and LB medium. (**B**). Relative mRNA levels of *plcH*, *fadD1*, *fadD6*, PA0508, *aprA*, *glcB, maeB* in BALF or LB. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 by Student\'s *t*-test. Data represent the mean ± standard deviation from three samples.](gkaa377fig4){#F4}

PvrA controls bacterial utilization of exogenous PC and palmitic acid {#SEC3-4}
---------------------------------------------------------------------

Since PlcH, FadD1, FadD6 and PA0508 all are involved in the utilization of PC, we examined the role of PvrA in bacterial utilization of PC. Wild type PA14 and the Δ*pvrA* mutant were grown in M9 medium with glucose or PC as the sole carbon source (designated as Glu-M9 and PC-M9, respectively). In Glu-M9, the two strains grew at the same rate (Figure [5A](#F5){ref-type="fig"}), however, a growth retardation was observed for the Δ*pvrA* mutant in PC-M9 (Figure [5B](#F5){ref-type="fig"}). We then examined the expression levels of the genes involved in PC utilization. In Glu-M9, the mRNA level of *plcH* was similar between wild type PA14 and the Δ*pvrA* mutant, whereas the mRNA levels of *fadD1*, *fadD6* and PA0508 were approximately 2--3 folds lower in the Δ*pvrA* mutant. Compared to the cells grown in Glu-M9, growth in PC-M9 induced the expression of *plcH*, *fadD1* and PA0508 in wild type PA14 by 18.5-, 5- and 9-fold respectively, whereas the induction of the corresponding genes in the Δ*pvrA* mutant was 12-, 3.5- and 2-fold, thus enlarging the differences in their expression levels between the two strains (Figure [5C](#F5){ref-type="fig"}). As for *fadD6*, growth in PC-M9 induced the similar fold of increase in the expression in both strains, thus the expression level difference remained at 2-fold (Figure [5C](#F5){ref-type="fig"}). We then examined the roles of PvrA regulated genes in the bacterial utilization of PC. A Δ*plcH* mutant grew similarly as the wild type strain in PC-M9 in the first 20 h. Then the OD~540~ started to drop and maintained at a low level after 25 h ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). However, deletion of *fadD1*, *fadD6* and PA0508 individually or simultaneous deletion of *fadD1*, *fadD6* (Δ*fadD1*Δ*fadD6*) or *fadD1*, *fadD6* and PA0508 (Δ*fadD1*Δ*fadD6*ΔPA0508) did not affect the bacterial growth in PC-M9 ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). As a control, all the tested strains grew similarly in Glu-M9 ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). This result is consistent with the role of PlcH in the cleavage of PC, which is required for the bacterial utilization of PC ([@B14]).

![PvrA contributes to the bacterial utilization of PC. Same amount of wild type PA14 and the Δ*pvrA* mutant were inoculated in Glu-M9 (**A**) and PC-M9 (**B**). The bacterial growth was monitored by measuring OD~540~. (**C**) PA14 and the Δ*pvrA* mutant were inoculated into Glu-M9 or PC-M9 and grown to an OD~600~ of 1.0. The relative mRNA levels of *plcH, fadD1*, *fadD6* and PA0508 were determined by real time PCR. *rpsL* was used as the internal control. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 by Student\'s *t*-test. Data represent the mean ± standard deviation from three samples.](gkaa377fig5){#F5}

The exogenous PC is cleaved by *P. aeruginosa* into choline, glycerol and long chain fatty acids before catabolized by various pathways ([@B15]). We therefore examined the utilization of the individual carbon source by the Δ*pvrA* mutant. A growth defect was observed in the Δ*pvrA* mutant when palmitic acid was the sole carbon source (Figure [6A](#F6){ref-type="fig"}), whereas the mutant grew normally when choline or glycerol was the sole carbon source (Figure [6B](#F6){ref-type="fig"}, [C](#F6){ref-type="fig"}). Acetyl-CoA is a key β-oxidation intermediate in the fatty acids catabolism. The Δ*pvrA* mutant produced less acetyl-CoA than the wide type PA14 when grown in the palmitic acid-M9 medium (FA-M9), whereas no difference was observed when the two strains were grown in the Glu-M9 medium (Figure [6D](#F6){ref-type="fig"}). In addition, when palmitic acid was the sole carbon source (FA-M9), mutation of *pvrA* significantly reduced the expression of *plcH*, *fadD1*, *fadD6*, *PA0508* and *glcB* (Figure [6E](#F6){ref-type="fig"}). However, when glycerol or choline was the sole carbon source, the expression levels of those genes were similar between the wide type PA14 and the Δ*pvrA* mutant, except that *fadD6* and *PA0508* were downregulated in the Δ*pvrA* mutant in Gly-M9 and Cho-M9, respectively (Figure [6E](#F6){ref-type="fig"}). These results suggest an important role of PvrA in the bacterial utilization of palmitic acid.

![Growth analyses and genes expression of PA14 and the Δ*pvrA* mutant on palmitic acid, glycerine and choline. Same amount of wild type PA14 and the Δ*pvrA* mutants were inoculated in FA-M9 (**A**), Gly-M9 (**B**) or Cho-M9 (**C**). The bacterial growth was monitored by measuring OD~540~. (**D**). PA14, the Δ*pvrA* mutant and the complemented strain were grown in Gly-M9 or FA-M9 for 10 h. The intracellular acetyl-CoA concentration was determined and normalized to the corresponding total protein concentration. (**E**). PA14 and the Δ*pvrA* mutant were grown in FA-M9, Gly-M9 or Cho-M9 for 10 h. The relative mRNA levels of *fadD1*, *fadD6*, PA0508, *plcH, glcB* were determined by real time PCR. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 by Student\'s *t*-test. Data represent the mean ± standard deviation from three samples.](gkaa377fig6){#F6}

To examine the roles of the PvrA regulated genes in the bacterial utilization of palmitic acid, we monitored the growth of the strains with mutations in those genes in FA-M9. Deletion of *fadD1*, *fadD6*, PA0508 individually, or simultaneous deletion of *fadD1* and *fadD6* did not affect the bacterial growth ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Triple deletion of *fadD1*, *fadD6* and PA0508 (Δ*fadD1*Δ*fadD6*ΔPA0508) resulted in a slight growth defect ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). These results suggest that the other fatty acyl-CoA synthetases (FadD2, FadD3, FadD4, FadD5) and acyl-CoA dehydrogenases (PA0506 and PA0507) might support the growth of the triple mutant in FA-M9.

Palmitoyl-coenzyme A is a ligand of PvrA {#SEC3-5}
----------------------------------------

In the bacterial utilization of fatty acids, the fatty acids are converted into fatty acyl-CoA first in cytosol and then catabolized through the β-oxidation pathway ([@B15]). In *E. coli*, the long chain fatty acyl-CoA is a ligand for FadR, influencing its regulatory function ([@B18]). Therefore, we suspected that palmitoyl-coenzyme A might serve as a ligand for PvrA. A molecular docking analysis revealed a possible interaction between palmitoyl-coenzyme A and PvrA (Figure [7A](#F7){ref-type="fig"}). The R136 forms three hydrogen bonds with the oxygen atoms in the oxygen-phosphorus bonds of the palmitoyl-coenzyme A, thus might serve as a critical residue for the interaction (Figure [7B](#F7){ref-type="fig"}). Indeed, ITC assays revealed active interaction between PvrA and palmitoyl-coenzyme A but not with palmitic acid (Figure [7C](#F7){ref-type="fig"}, [D](#F7){ref-type="fig"}). Replacement of the R136 with an alanine (R136A mutation) diminished the interaction between PvrA and palmitoyl-coenzyme A (Figure [7E](#F7){ref-type="fig"}, [F](#F7){ref-type="fig"}).

![Interaction between PvrA and palmitoyl-coenzyme A. (**A**) Model structure of the interaction between palmitoyl-coenzyme A and PvrA by the MetaPocket program. (**B**) Binding modes of palmitoyl-coenzyme A in the PvrA binding pocket. Dotted lines represent hydrogen-bonds between palmitoyl-coenzyme A and the arginine residue at the 136 position of PvrA. (C--F) Direct binding of palmitoyl-coenzyme A to the soluble PvrA was measured by isothermal titration microcalorimetry (ITC). Isothermal titration microcalorimetry of palmitoyl-coenzyme A (**C**) or palmitic acid (**D**) (0.3 mM) binding to 0.03 mM PvrA protein at 25°C. Palmitoyl-coenzyme A exhibited binding affinity of *K*~D~ = 3.10 × 10^−5^ M to PvrA; No detectable binding of palmitic acid to PvrA was exhibited. (**E**) ITC analysis revealed the affinity between PvrA R136A mutant and palmitoyl-coenzyme A was *K*~D~ = 2.62 × 10^−4^ M. (**F**). Interaction between the buffer and palmitoyl-coenzyme A was analysed as negative control. Affinity and molar ratio are indicated. ND: No detectable binding.](gkaa377fig7){#F7}

To determine whether palmitoyl-coenzyme A affects the DNA binding ability of PvrA, we performed EMSA assay with the promoter region of *fadD1*. Supplementation of 0.25 μM palmitoyl-coenzyme A to 3 μM PvrA protein resulted in undetectable free DNA probe and an obvious super shift band (Figure [8A](#F8){ref-type="fig"}, lane 6), whereas in the absence of palmitoyl-coenzyme A or in the presence of the same molar concentration of palmitic acid, free probe remained and a lighter super shift was observed with the same amount of PvrA (Figure [8A](#F8){ref-type="fig"}, lanes 10). Meanwhile, the R136A mutation abolished the effect of palmitoyl-coenzyme A on the probe binding (Figure [8B](#F8){ref-type="fig"}).

![Palmitoyl-coenzyme A enhances the binding of PvrA to the target DNA fragment. The binding of wild type PvrA (**A**) or the mutated PvrA (R136A) (**B**) to the *fadD1* promoter was examined by EMSA. The *fadD1* promoter fragment was incubated with increasing concentrations of PvrA or the mutated PvrA (R136A) with or without the indicated concentrations of palmitoyl-coenzyme A. The DNA bands were visualized by EB staining. The free probes are indicated by arrowheads and the super shifts are indicated by arrows.](gkaa377fig8){#F8}

To confirm the role of palmitoyl-coenzyme A in enhancing the affinity of PvrA to the *fadD1* promoter region, we performed a surface plasmon resonance (SPR) assay. Consistent with the EMSA results, the presence of palmitoyl-coenzyme A increased the binding affinity of the PvrA to the DNA probe by approximately 3-fold, as determined by reduction of the equilibrium dissociation constant (KD) from 1.493 × 10^−8^ M to 4.716E × 10^−9^ M (Figure [9A](#F9){ref-type="fig"}, [B](#F9){ref-type="fig"}). The R136A mutation did not affect the affinity of PvrA to the probe (*K*~D~ = 1.261 × 10^−8^ M), however, the presence of palmitoyl-coenzyme A did not increase its affinity (*K*~D~ = 1.596 × 10^−8^ M) (Figure [9C](#F9){ref-type="fig"}, [D](#F9){ref-type="fig"}).

![Surface Plasmon Resonance (SPR) analyses of binding of PvrA to the *fadD1* promoter fragment. The PvrA or PvrA(R136A) protein at the indicated concentrations were injected over the immobilized DNA fragment of the *fadD1* promoter region (30 bp). (A, B) The binding affinities of PvrA to the DNA probe in the absence (**A**) or presence (**B**) of palmitoyl-coenzyme A. (C, D) The binding affinities of PvrA(R136A) to the DNA probe in the absence (**C**) or presence (**D**) of palmitoyl-coenzyme A. *k*~a~, association rate constant; *k*~d~, dissociation rate constant; *K*~D~, equilibrium dissociation constant. The concentrations of the proteins and values of *k*~a~, *k*~d~ and *K*~D~ are indicated in the inset to the figures.](gkaa377fig9){#F9}

In addition, complementation of the Δ*pvrA* mutant with the R136A allele restored neither the induction of *fadD1, fadD6, PA0508* and *plcH* by palmitic acid (Figure [10A](#F10){ref-type="fig"}) nor the bacterial virulence in the murine acute pneumonia model (Figure [10B](#F10){ref-type="fig"}). In combination, these results suggest that palmitoyl-coenzyme A is the likely ligand for PvrA, activating the *plcH* and fatty acid utilization genes.

![Role of the R136 in the function of PvrA. (**A**) The Δ*pvrA* mutant and the mutant carrying a wild type *pvrA* or the R136A mutant allele were grown in Glu-M9 and FA-M9. The relative mRNA levels of *plcH, fadD1*, *fadD6* and PA0508 were determined by real time PCR. *rpsL* was used as the internal control. (**B**) Mice were infected intranasally with 4 × 10^6^ CFU of the indicated strains. 12 hpi, the mice were sacrificed and bacterial loads in the lungs were determined by plating. Data represents the mean ± standard deviation from three samples. \*\**P* \< 0.01, \*\*\**P* \< 0.001 by Student\'s *t*-test.](gkaa377fig10){#F10}

Roles of PvrA regulated genes in the bacterial virulence {#SEC3-6}
--------------------------------------------------------

To evaluate the contributions of the PvrA regulated genes in the bacterial virulence, we infected mice with strains deficient in the individual genes of *plcH*, *fadD1*, *fadD6* and PA0508. No attenuation was observed in those mutants (Figure [11](#F11){ref-type="fig"}). Next, we constructed double, triple and quadruple mutants. No significant difference in the bacterial load was observed between wild type PA14 and the strains of Δ*fadD1*Δ*fadD6*, Δ*fadD1*ΔPA0508 and Δ*fadD1*Δ*fadD6*ΔPA0508. However, the Δ*fadD1*Δ*fadD6*ΔPA0508Δ*plcH* mutant displayed ∼50-fold reduction of bacterial loads in the lungs of infected mice (Figure [11](#F11){ref-type="fig"}). These results indicated that PvrA might contribute to bacterial virulence by coordinately regulating genes involved in the PC and fatty acid utilization within the host lung environment.

![Roles of the PvrA regulated genes in the bacterial virulence. The indicated strains were grown in LB to an OD~600~ of 1.0. Mice were infected intranasally with 4 × 10^6^ CFU of each strain. The mice were sacrificed 12 hpi and the bacterial loads in the lungs were determined by plating. Bars represent medians, and error bars represent standard deviations. \*\*\**P* \< 0.001 by Student\'s *t*-test.](gkaa377fig11){#F11}

DISCUSSION {#SEC4}
==========

In this study, we analysed the transcriptome of *P. aeruginosa* in a murine acute pneumonia model and focused on upregulated regulatory genes. PvrA was found to be upregulated during infection and contributes to the bacterial virulence. PvrA is a TetR family protein with a helix-turn-helix (HTH) motif at the N-terminus. We found that PvrA controls the expression of *plcH*, *fadD1*, *fadD6*, PA0508 that are required for the bacterial utilization of PC and long chain fatty acids.

Besides an essential role in the utilization of PC, the PlcH of *P. aeruginosa* is also involved in the acquisition of nutrients from erythrocytes ([@B52]), contributing to the bacterial virulence in a mouse burn model ([@B53]) and systemic infection in a leukopenic mouse model ([@B52]). The expression of *plcH* is regulated by GbdR via a positive feedback mechanism ([@B54],[@B55]). PC is degraded by the PlcH, generating choline, which is further degraded into glycine betaine and dimethylglycine ([@B56]). GbdR is activated by glycine betaine and dimethylglycine, upregulating the expression of *plcH* ([@B54]). When environmental inorganic phosphate concentration is low, PhoB can also activate the expression of *plcH* ([@B57]). Under hypoxic conditions, the *plcH* is repressed by Anr ([@B58]). Besides, the H-NS family of proteins, MvaT and MvaU, repress the expression of *plcH* ([@B59]). In our study, we found that mutation of *pvrA* reduced the expression level of *plcH*. These results suggest that *plcH* is regulated by multiple pathways, indicating potential pleiotropic physiological functions under various environmental conditions. In PA14, *plcH* was up regulated in BALF collected from the infected mice (Figure [4B](#F4){ref-type="fig"}). However, *plcH* was downregulated in PAO1 in BALF as shown in the RNA-seq results ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). It might be possible that the role of PlcH in PC utilization *in vivo* is different between PA14 and PAO1. Another possible cause of the different expression patterns of *plcH* might be due to the difference in virulence between PA14 and PAO1. In several infection models, PA14 is more virulent than PAO1 ([@B60]). Thus in our experiment, PA14 might cause more tissue damages than PAO1, leading to a different host inflammatory response and local environment, which might result in different regulation of *plcH*. Further studies are needed to elucidate the regulatory pathway of *plcH* in response to host *in vivo* environment during the infection.

In enteric bacteria, a GntR family regulator FadR activates the expression of long chain fatty acids (LCFAs) synthesis genes and represses those involved in LCFAs catabolism. The activity of FadR is regulated by long acyl-CoA molecules that are the products of the first reaction of β-oxidation. Interaction with long acyl-CoA molecules abolishes the binding of FadR to its target DNA, resulting in derepression of LCFAs catabolism genes and downregulation of LCFAs synthesis genes ([@B61]). In *Vibrio cholera*, FadR is also a GntR family regulator ([@B62]), whereas the FadR in *Sulfolobus acidocaldarius*, *Thermus thermophiles*, *Bacillus subtilis* and *Bacillus halodurans* belong to the TetR family regulators ([@B63],[@B64]). In *P. aeruginosa*, no *fadR* homolog has been identified so far. Here we found that a TetR/AcrR family regulator PvrA directly regulates *fadD1*, *fadD6*, PA0508, however, no direct binding was identified between PvrA and key genes involved in the LCFAs synthesis. Whether PvrA regulates the LCFAs synthesis genes requires further studies. Amino acid sequence analysis performed by I-TASSER (Iterative Threading ASSEmbly Refinement, zhang.bioinformatics.ku.edu/I-TASSER) ([@B65],[@B66]) revealed that the structure of PvrA is similar to that of DesT (data not shown), a regulator controlling the homeostasis of saturated and unsaturated fatty acids in *P. aeruginosa* ([@B67]). Previous studies demonstrated that palmitoyl-coenzyme A is a ligand of DesT ([@B68],[@B69]). Since LCFAs metabolism has been shown to play important roles in bacterial virulence, it is necessary to fully understand the regulatory mechanism in *P. aeruginosa*.

In the EMSA results, at the concentration of 3 μM, the affinity of R136A PvrA for the DNA probe was decreased by the presence of 0.25 μM palmitoylcoenzyme A (Figure [8](#F8){ref-type="fig"}). However, the SPR results demonstrated that the affinity of R136 PvrA for the DNA was not affected by the palmitoylcoenzyme A (Figure [9](#F9){ref-type="fig"}). We suspected that the difference might be due to the differences in the sensitivities and detection limits between the two assay methods. In the SPR assay, the protein concentrations were 62.5--350 nM, which were much lower than those used in the EMSA. Thus the affinity of R136A PvrA at 3 μM for the DNA probe was out of the range of the SPR assay. In addition, the difference of the reaction buffers might also contribute to the difference.

In this study, we examined the roles of the PvrA regulated genes in the bacterial utilization of PC, fatty acids and virulence in a murine acute pneumonia model. Mutation of *plcH* resulted in growth defect when PC was the sole carbon source (PC-M9, [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}), indicating an essential role of PlcH in the utilization of PC ([@B15]). Fatty acyl-CoA synthetase (FadD) and acyl-CoA dehydrogenase (FadE) are the key enzymes in the bacterial utilization of fatty acids. *P. aeruginosa* harbours six *fadD* and three *fadE* homologs, namely *fadD1*-*6* and PA0506, PA0507 and PA0508, respectively ([@B14],[@B25]). Previous studies revealed that deletion of the individual *fadD* homologous gene did not affect the bacterial utilization of fatty acids ([@B26]). Simultaneous deletion of *fadD1* and *fadD2* reduced the bacterial growth when fatty acids were the sole carbon source, however, deletion of *fadD6* in the Δ*fadD1*Δ*fadD2* mutant did not further reduce the bacterial growth ([@B26]). These results indicate that FadD1 and FadD2 play major roles in the bacterial utilization of fatty acids ([@B26]). In this study, we found that PvrA directly controls the expression *fadD1*, *fadD6* and PA0508. Consistent with previous reports, deletion of *fadD1* or *fadD6* did not affect the bacterial growth in FA-M9. Deletion of PA0508 did not affect the bacterial growth in FA-M9 either, presumably due to the existence of the redundant acyl-CoA dehydrogenases, e.g. PA0506 and PA0507. Simultaneous deletion of *fadD1*, *fadD6* and PA0508 (Δ*fadD1*Δ*fadD6*ΔPA0508) did not affect the bacterial growth in PC-M9 ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}), indicating that the strain can at least utilize glycerol and choline derived from PC to support its growth. In FA-M9, theΔ*fadD1*Δ*fadD2*ΔPA0508 mutant displayed a slight growth defect ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}), indicating that the other Fatty acyl-CoA synthetases and acyl-CoA dehydrogenases can support the bacterial utilization of palmitic acid *in vitro*.

In the acute pneumonia model, the bacterial load of the Δ*plcH* mutant was similar to the wild type PA14 (Figure [11](#F11){ref-type="fig"}), indicating that carbon sources other than PC could support the growth of the bacteria in lung. For example, fatty acids derived from phosphoethanolamine or released from dead cells can be utilized by *P. aeruginosa* ([@B70]). No significant attenuation was found in the Δ*fadD1*Δ*fadD6*ΔPA0508 mutant (Figure [11](#F11){ref-type="fig"}). We suspected that the glycerol and choline derived from PC and other carbon sources might be sufficient to support the bacterial growth. However, the quadruple mutant (Δ*plcH*Δ*fadD1*Δ*fadD6*ΔPA0508) displayed attenuated virulence in the acute pneumonia model (Figure [11](#F11){ref-type="fig"}). Since PlcH plays a critical role in the bacterial utilization of PC, it is likely that the quadruple mutant cannot utilize the PC *in vivo*. In addition, deletion of *fadD1*, *fadD6* and *PA0508* might impair the bacterial utilization of fatty acids *in vivo* from sources other than PC, presumably due to the higher enzyme affinity of FadD1, FadD6 and PA0508 to adapt to the special fatty acids environment in the lung than the other enzymes involved in the fatty acids utilization. Thus, the combination of the defective utilization of PC and fatty acids in the lung might result in the attenuated virulence of the Δ*plcH*Δ*fadD1*Δ*fadD6*ΔPA0508 mutant. PvrA also regulates the malate synthase gene *glcB*. Previous studies demonstrated that GlcB plays a key role in bacterial utilization of fatty acids and mutation of *glcB* reduced the virulence of *P. aeruginosa* ([@B46],[@B49],[@B74]). In combination, these results indicated that PvrA might contribute to the bacterial virulence by controlling the genes involved in PC and fatty acids utilization.

Currently, we are taking efforts to identify additional genes regulated by the PvrA to fully understand the role of PvrA in the bacterial metabolism and virulence. In our ChIP-seq results, PvrA was found to bind to the promoter region of *exsA*, which encodes the master regulator of the type III secretion system (T3SS) ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Several T3SS genes were found to be upregulated in the BALF ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Further studies are needed to test whether PvrA regulates the T3SS in response to a host signal, e.g. palmitoylcoenzyme A from the utilization of host fatty acids.

Previously, PvrA was shown to be required for the swarming motility of *P. aeruginosa* ([@B42]). In our ChIP-seq assay, genes related to the type IV pili were differentially influenced by the PvrA. However, the twitching motilities were similar between wild type PA14 and the *pvrA* mutant ([@B42]). Further studies are needed to understand the mechanism of PvrA mediated influence on the swarming motility.

Previously, Damron *et al.* performed a dual-RNA-seq to analyse the transcriptomes of *P. aeruginosa* and the host in an acute murine pneumonia model 16 hpi ([@B75]). Recently, Cornforth *et al.* compared *P. aeruginosa* transcriptome during infections of human soft-tissue wounds and CF lungs with that of *in vitro* laboratory cultures ([@B61]). Genes related to iron acquisition were found to be up regulated during those infections, which is consistent with our results, suggesting important roles of these genes during infection. However, genes involved in PC utilization were not up regulated in those studies. We suspect that the difference might be due to different infection stages and sites, e.g. 6 and 16 hpi in the acute pneumonia model as well as mouse lungs versus human soft tissues and CF sputa. Deep analysis of these data might reveal genes essential for *P. aeruginosa* pathogenesis in different infection scenarios.

Based on our results, we summarize a regulatory network mediated by the PvrA as shown in Figure [12](#F12){ref-type="fig"}. Since genes regulated by the PvrA play roles in both nutrient utilization and suppression of host immune responses, PvrA might be one of the hubs of the regulatory network that orchestrate gene expression during host infections.

![Proposed model of PvrA mediated regulatory pathways. During infection, PC is degraded by lipases and PlcH, resulting in glycerol, choline and fatty acids. Glycine betaine (GB) and dimethylglycine (DMG) derived from choline are sensed by GbdR, which directly upregulates *plcH* ([@B57]). The fatty acids were converted into fatty acyl-CoA. PvrA binds to the fatty acyl-CoA and activates the expression of *plcH*, *fadD1*, *fadD6*, PA0508, *aprA*, *maeB*, and *glcB*. FadD1, FadD6 and PA0508 are key enzymes in the β-oxidation pathway through which a long-chain acyl-CoA molecule is broken down to acetyl-CoA molecules. The *las* quorum sensing system regulates the expression of *aprA* ([@B76],[@B77]). AprA degrades self flagellin and host complement component C2 to evade recognition by the immune system ([@B50],[@B51]). MaeB and GlcB are key enzymes in the glyoxylate shunt which plays an important role in utilizing fatty acids in bacteria ([@B61]).](gkaa377fig12){#F12}
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